Introduction T he brain is especially vulnerable to oxidative damage because the tissue has high oxygen consumption, abundant lipid content, and a relative paucity of antioxidant defense systems to prevent ongoing oxidative damage compared with other tissues. (1) It is known that lipid peroxide (LPO) level in the brain of rats is the highest among main nine tissues, i.e., brain, adrenal, liver, kidney, heart, lung, skeletal muscle, spleen, and testis, while the levels of reduced glutathione (GSH) and vitamin E determined as α-tocopherol (α-Toc) in the brain are relatively low among the nine tissues, although the level of ascorbic acid (AsA) (vitamin C) is relatively high among the nine tissues. (2) Acute immobilization/restraint stress induces oxidative stress in the brain of rats, which might be involved in stress-induced neurobehavioural alterations.
(3-9) Liu et al. (3) have shown that exposure of rats to 8 h of immobilization stress enhances lipid peroxidation in the cerebral, cortex, cerebellum, hippocampus, and midbrain of the brain, although LPO level is simultaneously increased in the serum and liver. Zaidi and Banu (4) have reported that exposure of rats to 6 h of immobilization causes a decrease in GSH level and an increase in LPO level in the brain and that pre-or post-administration of vitamin A, vitamin E or vitamin C attenuates GSH depletion and enhanced lipid peroxidation in the brain of rats with immobilization stress. Pal et al. (5) have reported that exposure of rats to 1 h of restraint stress increases LPO levels in the serum and brain and that pre-administration of L-AsA or α-Toc used as vitamin E for five consecutive days attenuates increased LPO levels in the serum and brain. Gulati et al. (6) have shown in rats with restraint stress that 1 h of stress causes an increase in LPO level and decreases in the levels of GSH and nitric oxide (NO) metabolites (nitrite/nitrrate, NOx) in the brain, while 6 h of stress causes an increase in NOx level with similar levels of increased LPO and decreased GSH in the brain. However, it has been shown that exposure of rats to 6 h of cold (2-4°C)-restraint stress has no effect on LPO level in the serum and brain and on GSH level in the brain. (10) Thus, there is a clear difference in the changes in the levels of GSH, a major member of non-enzymatic antioxidant defense systems, and LPO in the brain between rats with acute immobilization/restraint stress and cold-restraint stress.
Water-immersion restraint stress (WIRS) consists of immobilization/restraint stress and a kind of cold stress in which the exposed temperature is usually around 23°C. WIRS is widely used to evaluate stress-induced acute gastric mucosal lesions in experimental animals. We have reported that exposure of rats to WIRS for 3 to 6 h causes oxidative damage associated with disruption of non-enzymatic antioxidant defense systems and enhanced lipid peroxidation and NO
• generation in the liver as well as the gastric mucosa. (11) (12) (13) (14) (15) (16) Furthermore, it has been shown that exposure of rats to 6 h of WIRS causes oxidative damage in the liver, kidney, heart, and skeletal muscle and that vitamin E pre-administered to the stressed rats reduces oxidative damage in the liver, kidney, heart, and skeletal muscle. (17) It has also been shown that vitamin E and L-AsA pre-administered to rats with WIRS reduce oxidative damage by attenuating disrupted nonenzymatic antioxidant defense systems and enhanced lipid peroxidation and NO
• generation in the gastric mucosa and liver. (15, 16) However, there is no information on whether WIRS disrupts non-enzymatic antioxidant defense systems through enhanced lipid peroxidation and NO • generation in the brain of rats. In the present study, therefore, we attempted to clarify whether WIRS disrupts non-enzymatic antioxidant defense systems in the brain of rats by examining the time courses of the changes in AsA, GSH, vitamin E, LPO, and NOx levels in the brain of rats exposed to WIRS for a period of 6 h and the effects of pre-administered L-AsA and vitamin E on these changes in the brain of stressed rats. In addition, we examined WIRS-induced changes in the serum T levels of adrenocorticotropic hormone (ACTH), glucocorticoide, and glucose, which are stress markers, in rats pre-administered with and without either L-AsA or vitamin E, because it is known that serum levels of these stress markers are increased in rats with WIRS. (16, 17) 
Materials and Methods
Materials. RRR-α-Toc used for vitamin E administration was purchased from Sigma-Aldrich (St. Louis, OM). L-AsA, corticosterone, α,α'-dipyridyl, 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), ethylenediaminetetraacetic acid (EDTA), GSH, 2-thiobarbituric acid, α-Toc and δ-Toc used for vitamin E determination, and other chemicals were obtained from Wako Pure Chemical Ind. Ltd. (Osaka, Japan). All chemicals used were of reagent grade and were not further purified.
Animals. Male Wistar rats aged six weeks were purchased from Nippon SLC Co. (Hamamatsu, Japan). The animals were housed in cages in a ventilated animal room with controlled temperature (23 ± 2°C) and relative humidity (55 ± 5%) with 12 h of light (7:00 to 19:00). The animals were maintained with free access to rat chow, Oriental MF (Oriental Yeast Co., Tokyo, Japan) and tap water for one week. All animals received humane care in compliance with the Guidelines of the Management of Laboratory Animals in Fujita Health University. The animal experiment was approved by Institutional Animal Care and Use Committee.
Induction of WIRS and AsA and vitamin E administrations. Seven-week-old rats were starved for 24 h prior to experiments, but were allowed free access to water. Rats were restrained in wire cages and immersed up to the depth of the xiphoid process in at 23°C water bath to induce WIRS, as described in our previous reports. (11) (12) (13) (14) (15) (16) (17) In the time course experiment, rats were subjected to WIRS for 1.5, 3 or 6 h. In the experiment of L-AsA and vitamin E administrations, L-AsA and vitamin E (RRR-α-Toc) were dissolved in 5% Tween 80 and the prepared L-AsA or vitamin E solution was orally administered to rats with and without 6 h of WIRS at a volume of 1 ml/100 g body weight with a stomach tube at 0.5 h before the onset of WIRS. The doses of administered LAsA and vitamin E were 1.5 and 0.5 mmole/kg body weight, respectively. The doses of L-AsA and vitamin E used were determined based on our previous report. (15) Stressed and unstressed rats not administered with L-AsA or vitamin E received the same volume of 5% Tween 80 in the same manner.
Determinations of serum and brain components. All rats used for the determinations of serum and brain components were sacrificed under ether anesthesia at which time blood was collected from the inferior vena cava. Serum was obtained from the collected blood by centrifugation. Immediately after sacrifice, whole brain was removed from each rat. The collected serum and brains were stored at -80°C until use. Serum LPO was assayed by the fluorometric thiobarbituric acid method of Yagi (18) using tetramethoxypropane as a standard. The concentration of serum LPO is expressed as that of malondialdehyde (MDA) equivalents. Serum ACTH was assayed using a commercial kit, ACTH EIA kit (Phonix Pharmaceutical Inc., Burlingame, CA). Serum corticosterone was measured by the fluorometric method of Guillemin et al. (19) using authentic corticosterone as a standard. Serum glucose was assayed using a commercial kit, Glucose-CII Test Wako (Wako Pure Chemical Ind. Ltd., Osaka, Japan). The isolated brain was homogenized in 9 volumes of ice-cold 50 mM Tris-HCl buffer (pH 7.4) containing 1 mM EDTA to prepare 10% homogenate. The brain homogenate was used for the determinations of AsA, GSH, vitamin E, LPO, and NOx. AsA in the brain homogenate was determined by the α,α'-dipyridyl method (20) using LAsA as a standard. GSH in the brain homogenate was assayed by the DTNB method of Sedlak and Lindsay (21) using GSH as a standard. Vitamin E in the brain homogenate was assayed by the high-performance liquid chromatographic method with electrochemical detection using δ-Toc as an internal standard as described in our previous report. (22) The amount of brain vitamin E is expressed as that of α-Toc. LPO in the brain homogenate was assayed by the colorimetric thiobarbituric acid method of Ohkawa et al. (23) using tetramethoxypropane as a standard except that 1 mM EDTA was added to the reaction mixture. The amount of brain LPO is expressed as that of MDA equivalents. NOx (nitrite/nitrate), an index of NO
• generation, in the brain tissue was assayed by the Griess reaction-dependent method of Green et al. (24) For this assay, the prepared brain homogenate was sonicated two times on ice for 30 s using a Handy Sonic model UR-20P (Tomy Seiko Co., Tokyo, Japan). The sonicated homogenate was centrifuged at 10,000 × g for 20 min at 4°C and the resultant supernatant was filtrated at 4°C under centrifugation using a membrane filter Ultrafree-MC (Millipore Co., Bedford, MA). NOx in the filtrate was determined using a nitric oxide assay kit (Roche-Diagnostics Co., Tokyo, Japan).
Statistical analysis. All results obtained are expressed as means ± SD. The statistical analyses of the results were performed using a computerized statistical package (StatView). Each mean value was compared by one-way analysis of variance (ANOVA) and Fisher's protected least significance (PLSD) for multiple comparisons as the post-hoc test. The significance level was set at p<0.05.
Results
Serum ACTH, corticosterone, and glucose concentrations in rats exposed to WIRS for 1.5, 3 or 6 h were significantly higher than those in the corresponding rats without stress and there were no differences in the increased serum ACTH, corticosterone, and glucose concentrations in stressed rats between each time point of WIRS (Fig. 1) .
Serum NOx and LPO concentrations in rats exposed to WIRS for 3 or 6 h were significantly higher than those in the corresponding unstressed rats and the increases in serum NOx and LPO concentrations in stressed rats occurred time-dependently (Fig. 2) .
Brain NOx and LPO contents in rats exposed to WIRS for 3 or 6 h were significantly higher than those in the corresponding unstressed rats and the increases in brain NOx and LPO contents in stressed rats occurred time-dependently (Fig. 3) .
Brain AsA and GSH contents in rats exposed to WIRS for 3 or 6 h were significantly higher than those in the corresponding unstressed rats, although brain AsA content in rats with 1.5 h of WIRS tended to be lower than that in the corresponding unstressed rats (Fig. 4 A and B) . The decreases in brain AsA and GSH contents in stressed rats occurred time-dependently, although the extent of decrease in brain AsA content was larger than that of decrease in brain GSH content at 3 or 6 h of WIRS (Fig. 4 A and  B) . Brain vitamin E content in stressed rats was significantly lower than that in unstressed rats at 6 h of WIRS (Fig. 4C) .
When L-AsA (1.5 mmole/kg) or vitamin E (0.5 mmole/kg) was orally administered to rats with 6 h of WIRS at 0.5 h before the onset of stress, the pre-administered L-AsA and vitamin E had no effect on the increases in serum ACTH, coeticosterone, and glucose concentrations at 6 h of WIRS (Fig. 5) . Administration of the same dose of L-AsA or vitamin E to unstressed rats in the same manner did not affect the serum ACTH, corticosterone, and glucose concentrations at all (Fig. 5) .
The pre-administration of L-AsA or vitamin E significantly attenuated increased NOx and LPO concentrations in the serum of rats with 6 h of WIRS, although the attenuating effect of L-AsA was smaller than that of vitamin E (Fig. 6) . Administration of the same dose of L-AsA or vitamin E to unstressed rats in the same manner had no effect on the serum NOx and LPO concentrations (Fig. 6) .
The pre-administration of L-AsA or vitamin E significantly attenuated increased NOx and LPO contents in the brain of rats with WIRS, although the attenuating effect of L-AsA was smaller than that of vitamin E (Fig. 7) . The pre-administration of vitamin E returned the increased brain LPO content to near the level of unstressed rats (Fig. 7B) . Administration of the same dose of L-AsA or vitamin E to unstressed rats in the same manner had no effect on the brain NOx and LPO contents (Fig. 7) .
The pre-administration of L-AsA to rats with 6 h of WIRS significantly attenuated decreased brain AsA, GSH, and vitamin E contents at 6 h of WIRS (Fig. 8) . The pre-administration of vitamin E to rats with 6 h of WIRS significantly caused further reductions of decreased brain AsA and GSH contents at 6 h of WIRS, while the vitamin E pre-administration significantly attenuated decreased brain vitamin E content at 6 h of WIRS and returned the decreased brain vitamin E content to near the level of unstressed rats (Fig. 8) . Administration of the same dose of L-AsA to unstressed rats in the same manner increased the brain AsA content significantly, while administration of the same dose of , and glucose (C) concentrations in rats with WIRS. Fasted rats were exposed to WIRS for 1.5, 3 or 6 h. Serum ACTH, corticosterone, and glucose were assayed at each time point after the onset of WIRS as described in Materials and Methods. Open bar, control rats without WIRS; closed bar, rats with WIRS. Each value is a mean ± SD (n = 5 for unstressed rats; n = 8 for stressed rats). *Significantly different from unstressed control rats, p<0.05.
Fig. 2. Time courses of changes in serum NOx (A) and LPO (B)
concentrations in rats with WIRS. Fasted rats were exposed to WIRS for 1.5, 3 or 6 h. Serum NOx and LPO were assayed at each time point after the onset of WIRS as described in Materials and Methods. Open bar, control rats without WIRS; closed bar, rats with WIRS. Each value is a mean ± SD (n = 5 for unstressed rats; n = 8 for stressed rats). *Significantly different from unstressed control rats, p<0.05.
Fig. 3. Time courses of changes in brain NOx (A) and LPO (B) contents
in rats with WIRS. Fasted rats were exposed to WIRS for 1.5, 3 or 6 h. Brain NOx and LPO were assayed at each time point after the onset of WIRS as described in Materials and Merhods. Open bar, control rats without WIRS; closed bar, rats with WIRS. Each value is a mean ± SD (n = 5 for unstressed rats; n = 8 for stressed rats). *Significantly different from unstressed control rats, p<0.05. vitamin E to unstressed rats in the same manner increased the brain vitamin E content significantly (Fig. 8) .
Discussion
The present study has clearly shown that WIRS causes disruption of non-enzymatic antioxidant defense systems composed of AsA, GSH, and vitamin E thorough enhanced lipid peroxidation and NO
• generation in the brain of rats. Rats exposed to WIRS for 1.5, 3 or 6 h showed a similar extent of stress response at each time point of the stress, judging from the serum levels of stress markers such as ACTH, corticosterone, and glucose. Disruption of brain non-enzymatic antioxidant defense system in rats exposed to WIRS for a period of 6 h occurred 3 and 6 h after the onset of stress, i.e., considerably later than the appearance of stress response. Such a timing of the disruption of non-enzymatic antioxidant defense systems in the brain of rats with WIRS was similar to that in the gastric mucosa and liver. (13, 14) It is known that exposure of rats to 1 h of immobilization/ restraint stress enhances lipid peroxidation in the brain. (4) (5) (6) (7) (8) (9) It is also known that brain NO
• generation is lower in rats with restraint stress than in unstressed rats at 1 h after the onset of stress, while that generation is higher in stressed rats than in unstressed rats at 6 h. (5) In the present study, time-dependent increases in NOx and LPO contents in the brain of rats with WIRS occurred 3 and 6 h after the onset of stress, i.e., considerably later than the appearance of stress response. These results suggest that WIRS enhances NO • generation and lipid peroxidation in the brain of rats under lasting stress conditions. In addition, time-dependent increases in serum NOx and LPO concentrations occurred in rats exposed to WIRS and were well consistent with those in brain NOx and LPO contents. It has been suggested that excessive glucocorticoids induce oxidative stress in cultured rat hippocampal slices by downregulating the gene expression of glutathione peroxidase, an enzyme to metabolize hydrogen peroxide and lipid hydroperoxides in the presence of GSH, and by upregluating the gene expression of NADPH oxidase, an enzyme to generate superoxide radical, one of reactive oxygen species (ROS). (25) It is known that , and vitamin E (C) contents in rats with WIRS. Fasted rats were exposed to WIRS for 1.5, 3 or 6 h. Brain AsA, GSH, and vitamin E were assayed at each time point after the onset of WIRS as described in Materials and Methods. Open bar, control rats without WIRS; closed bar, rats with WIRS. Each value is a mean ± SD (n = 5 for unstressed rats; n = 8 for stressed rats). *Significantly different from unstressed control rats, p<0.05.
Fig. 5.
Effects of pre-administered L-AsA and vitamin E on changes in serum ACTH (A), corticosterone (B), and glucose (C) concentrations in rats with 6 h of WIRS. Fasted rats with and without 6 h of WIRS were orally administered with L-AsA (1.5 mmol/kg) or vitamin E (0.5 mmol/kg) at 0.5 h after the onset of stress. Serum ATCH, corticosterone, and glucose were assayed as described in Materials and Methods. Each value is a mean ± SD (n = 5 for unstressed groups; n = 8 for stressed groups). *Significantly different from control rats without WIRS and any administration, p<0.05; # Significantly different from rats with WIRS alone, p<0.05.
lipid peroxidation is caused via ROS in the brain, which is involved in the pathogenesis of neurodegenerative diseases. (26) Therefore, excessive corticosterone being secreted continuously from the adrenal gland through the hypothalamus-pituitaryadrenal axis may enhance lipid peroxidation in the brain of rats with WIRS by stimulating the generation of ROS in the hippocampus. It has been reported that exposure of rats to 6 h of immobilization stress activates the expression of inducible nitric oxide synthase (iNOS) through the mechanism involved in excitatory amino acids and subsequent activation of nuclear factor κB in the brain cortex, resulting in excessive iNOS-mediated NO • generation in the brain. (27) It has been shown that NO • induces oxidative stress through the generation of ROS in neuronal cells. (28) Therefore, there seems to be a possibility that exposure of rats to WIRS causes excessive NO
• generation through activation of iNOS in the brain cortex.
It has been shown that GSH, a major member of non-enzymatic defense systems, is depleted in the brain of rats with immobilization/restraint stress. (4) (5) (6) (7) (8) (9) When compared with unstressed rats, brain AsA and GSH contents were decreased in rats with 3 or 6 h of WIRS of which decreases were reversely related to the increases in brain NOx and LPO contents. The brain AsA content tended to decrease in rats with 1.5 h of WIRS. The extent of decrease in AsA content was larger than that in GSH content in the brain of rats with WIRS. Furthermore, rats with 6 h of WIRS had lower brain vitamin E content than unstressed rats. It is known that AsA (reduced form) is oxidized to dehydroasacorbic acid (oxidized form) to regenerate vitamin E from vitamin E radical in the liquid/aqueous interface, resulting in support of the chainbreaking antioxidant action of vitamin E for lipid peroxidation. (29) It is also known that GSH recycles AsA from dehydroascorbic acid through a non-enzymatic reaction and/or an enzymatic reaction. (30) It has been shown that AsA is oxidized first with subsequent vitamin E oxidation for protection of brain against oxidative damage.
(31) These findings suggest that, in the brain of rats with WIRS, AsA is consumed first followed by GSH consumption with subsequent vitamin E consumption. Thus, brain non-enzymatic antioxidant defense system was disrupted in rats with WIRS. These findings also suggest that WIRS could disrupt non-enzymatic antioxidant defense systems through enhanced lipid peroxidation and NO
• generation in the brain of rats with WIRS.
It has been reported that pre-or post-administrations of vitamins C and E prevents oxidative stress in the brain of rats exposed to immobilization stress for 6 h by attenuating decreased GSH level and increased LPO level in the tissue, although preor post-administration of vitamins C and E in combination dose not cause additive prevention of immobilization stress-induced oxidative stress in the brain. (4) We examined the effects of L-AsA and vitamin E pre-administered alone on the changes in AsA, GSH, vitamin E, LPO, and NOx contents in the brain of rats with 6 h of WIR in order to confirm the disruption of non-enzymatic antioxidant defense systems through enhanced lipid peroxidation and NO
• generation in the brain of stressed rats. When L-AsA (1.5 mmole/kg) or vitamin E (0.5 mmole/kg) was orally administered to rats with 6 h of WIRS at 0.5 h the onset of stress, both pre-administered vitamins did not affect the increases in serum ACTH, corticosterone, and glucose concentrations at 6 h of WIRS at all. These results indicate that L-AsA and vitamin E preadministered to rats with WIRS have no effect on stress response. Vitamin E functions not only as a chain-braking antioxidant for lipid peroxidation but also as a scavenger of ROS and NO
• . (32, 33) It is known that vitamin E inhibits NO • -induced lipid peroxidation in rat brain homogenates. (34) It is also known that AsA not only supports the chain-braking antioxidant action of vitamin E for lipid peroxidation but also functions as a scavenger of ROS. (29, 35) The pre-administered L-AsA and vitamin E attenuated the increases in serum LPO and NOx concentrations and brain LPO and NOx contents in rats with 6 h of WIRS. These results support the above-described suggestion that WIRS disrupts non-enzymatic antioxidant defense systems through enhanced lipid peroxidation and NO
• generation in the brain of rats with WIRS. The preadministration of L-AsA attenuated decreased AsA, GSH, and vitamin E contents in the brain of rats with 6 h of WIRS. In addition, the same dose of L-AsA administered to unstressed rats in the same manner increased the brain AsA content. These results indicate that pre-administered L-AsA transported to the brain of rats with 6 h of WIRS restores AsA, GSH, and vitamin E by exerting antioxidant action in a direct manner and/or an indirect manner in the tissue. In contrast, the pre-administration of vitamin E enhanced the decreases in AsA and GSH contents in the brain of rats with 6 h of WIRS, although the vitamin E pre-administration returned the decreased brain vitamin E content to near the level of unstressed rats. The same dose of vitamin E administered to unstressed rats in the same manner increased the brain vitamin E content. As described above, vitamin E pre-administered to rats with 6 h of WIRS attenuated increased LPO and NOx contents in the brain. These results indicate that pre-administered vitamin E transported to the brain of rats with WIRS exerts antioxidant action in the tissue. It is known that not only AsA but also GSH can recycle vitamin E from vitamin E radical. (27, 36) Therefore, the further reductions of decreased brain AsA and GSH contents by vitamin E pre-administration in rats with 6 h of WIRS seems to be explained as follows: reduced AsA and GSH in the brain of rats with 6 h of WIRS are further consumed to maintain preadministered vitamin E transported to the brain, resulting in prevention of enhanced lipid peroxidation and NO
• generation by the transported vitamin E in the tissue. These findings allow us to confirm that WIRS disrupts non-enzymatic antioxidant defense systems through enhanced lipid peroxidation and NO
• generation in the brain of rats.
In conclusion, the results of the present study indicate that WIRS causes disruption of non-enzymatic antioxidant defense systems through enhanced lipid peroxidation and NO
• generation in the brain of rats. It has been reported that immobilization/ restraint stress induces oxidative stress through disruption of enzymatic antioxidant defense systems as well as non-enzymatic antioxidant defense systems in the brain of rats. (4, 7, 9) It has also been reported that inflammation associated with expression of iNOS and cyclooxygense-2, nuclear factor κB activation, and release of cytokines such as tumor necrosis factor-α is involved in immobilization/restraint stress-induced oxidative stress in the brain of rats. (26, 37, 38) Therefore, further investigation is needed to verify whether and how disruption of non-enzymatic defense systems contributes to oxidative stress in the brain of rats with WIRS.
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